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Abstract – The need for conservation of farm animal genetic resources is widely accepted. A
key question is the choice of breeds to be conserved. For this purpose, a core set of breeds was
introduced in that the total genetic variance of a hypothetical quantitative trait was maximised
(MVT core set). For each breed the relative contribution to the core set was estimated and
the breeds were ranked for conservation priority according to their relative contribution. The
method was based on average kinships between and within breeds and these can be estimated
using genetic marker data. The method was compared to a recently published core set method
that maximises the variance of a hypothetical population that could be obtained by interbreeding
the conserved breeds (MVO core set). The results show that the MVT (MVO) core set favours
breeds with a high (low) within breed kinship that are not related to other breeds. Following
this, the MVT core set method suggests conserving breeds that show a large diﬀerence in the
respective population mean of a hypothetical quantitative trait. This maximises the speed of
achieving selection response for this hypothetical selection direction. Additionally, bootstrap
based methods for the estimation of the breed’s contribution to the core sets were introduced,
substantially improving the accuracy of the contribution estimates.
genetic variance / conservation / kinship / livestock breed / bootstrap
1. INTRODUCTION
On a world-wide level, there are roughly 6000 breeds of 30 domestic mam-
malian and bird species. Around 35% of them are classiﬁed as having a high
risk of extinction and every week two breeds permanently vanish [9] result-
ing in an irreversible loss of animal genetic resources. The need to conserve
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these resources is widely accepted mainly because it can be seen as an insur-
ance against future challenges and conditions but also for ecological and socio-
cultural reasons. Because funds to preserve animal genetic resources are lim-
ited, an optimal allocation of these funds is of central importance. Within this
framework akey question isthe choice ofbreeds for conservation programmes.
Ruane [14] reported several criteria for this selection, such as speciﬁc adaptive
features, particular traits of special interest and genetic uniqueness. This last
feature is aimed at maintaining the genetic variance, an aspect upon which we
will focus exclusively throughout this paper.
Pairwise genetic distances and their graphical representation in distance
trees are common tools used to assess the genetic uniqueness of a particular
breed within a set of breeds. Genetic distances are usually estimated from the
genotypic information of a set of neutral loci. Weitzman [16,17] developed an
algorithm for the estimation of the genetic diversity within a set of elements
based on pairwise distances under the assumption that all elements are distinct
and are obtained from a single founder population by ﬁssion. The application
of this algorithm to a set of breeds makes it possible to rank the breeds for
their priority for conservation according to their contribution to the Weitzman
diversity. This diversity measure has a number of nice mathematical and bio-
logical properties [15,16] and was used recently in several breed genetic diver-
sity studies [2,11,13]. However, as pointed out by Eding and Meuwissen [3]
and Caballero and Toro [1], the use of the Weitzman diversity measure on a
within-species breed level might be inappropriate because it ignores migration
between breeds, which is unrealistic, and also ignores within breed diversity.
Instead of genetic distances, Eding and Meuwissen [3] and Caballero and
Toro [1] used average kinships between and within breeds for the description
of genetic diversity. Kinship is deﬁned as the probability that two gametes ran-
domly drawn from a population are identical by descent. Following this, the
average kinship between two breeds is an estimate of the fraction of alleles
that these breeds have in common. In order to prioritise breeds for conserva-
tion, Eding et al. [4] deﬁned a core set that is built by relative contributions
of the breeds under consideration in order to minimise the mean kinship in
this core set. The core set maximises the variance of a hypothetical quantita-
tive trait that can be found in a hypothetical population obtained from inter-
breeding the conserved breeds [4]. The breeds are ranked for their priority for
conservation according to their relative contribution to the core set. Eding and
Meuwissen [5] described a method that estimates average kinships between
breeds using similarities of genetic marker alleles. By way of simulations,
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contribution to the core set from estimated kinships is only moderate, indi-
cating that there is scope for improvement. However, the core set method of
Eding et al. [4] does not explicitly consider the variance that can be found be-
tween breeds. An analogue of the core set method for prioritising breeds for
conservation has been presented by Caballero and Toro [1]. Using a similar ap-
proach, Piyasatian and Kinghorn [12] deﬁned genetic diversity as the amount
of allelic variation that can be found within and between subdivided breeds.
A breed is preferred for conservation if it contributes signiﬁcantly to the to-
tal allelic variation. The conceptual diﬀerences between the core set diversity
method and the approach of Piyasatian and Kinghorn [12] on the one hand and
the Weitzman diversity on the other hand, is that the former methods consider
both the between and within breed variation and they account for possible mi-
gration between breeds. Fabuel et al. [7] showed that the two approaches can
produce diﬀerent results.
The aim of this paper was to put forward a conservation criterion that val-
ues the diﬀerences between breeds more than the core set method of Eding
et al. [4] does. For this purpose an algorithm was introduced that estimates
the relative contribution of breeds to a core set in order to maximise the total
additive genetic variance of a hypothetical quantitative trait. The relative con-
tributions were used to rank the breeds for conservation priority. The method
was compared to the core set method of Eding et al. [4] using simulated and
real data. Additionally, bootstrap based methods were introduced, substantially
improving the accuracy of contribution estimates.
2. MATERIALS AND METHODS
2.1. Core set methods
Assume a population with n animals and each animal i h a sab r e e d i n g
value ui for a hypothetical quantitative trait. The additive genetic variance
within the population is:
var(uw) =
1
n
n 
i=1

var(ui − u)

=
1
n
n 
i=1

var(ui) − var(u)

,
where var(ui) is the variance of the breeding value ui of animal i and var(u)
is the variance of the population mean of the breeding values. The averaging318 J. Bennewitz, T.H.E. Meuwissen
is because individual animals may have diﬀerent var(ui). Ignoring the total
additive genetic variance of the trait, σu
2, since it multiplies the results by a
constant, yields:
var(uw) =
1
n
n 
i=1

Ai − A

, (1)
where A denotes the average of the elements of the numerator relationship ma-
trix, A, with dimension n × n.A i is the diagonal element i of A, this element
corresponds to one plus the inbreeding coeﬃcient of animal i. The elements
of the numerator relationship matrix are twice the elements of the kinship ma-
trix [8]. In the following, this outline is transferred from a single breed level to
a multiple breed level.
Assume a set S of N breeds with a known average kinship matrix, M,o fd i -
mension N × N as described by Eding and Meuwissen [3,5]. The oﬀ-diagonal
elements of M are the average kinships between breeds and correspond to the
inbreeding coeﬃcient of putative oﬀspring from the corresponding between
breed mating. The diagonal elements of M are the average within breed kin-
ships and correspond to the inbreeding coeﬃcients of putative oﬀspring from
within breed mating. Following (1), the additive genetic variance of a hypo-
thetical quantitative trait within set S can then be described by
var(uS) =
1
N
N 
i=1

(1 + Mi) − 2M

, (2)
where Mi is the within breed kinships of breed i obtained from the diagonal
elements of M and M denotes the mean of all the elements of M. A one is
added to Mi, because the Ai elements in (1) correspond to one plus the in-
breeding coeﬃcient. In order to maximise the total genetic variance, a core
set Smvt is formed by relative contributions of the N breeds of S. This core set
is termed maximum variance total (MVT) core set method in the following.
The contributions of the breeds to the MVT core set are stored in a vector,
cmvt, of dimension N. The total genetic variance conserved by the MVT core
set, Vartotal(Smvt), is then calculated by:
Vartotal(Smvt) = 1 + c 
mvtF − 2c 
mvtMcmvt, (3)
with F being a vector of dimension N that contains the within breed kinship,
i.e. F = diag(M). In order to ﬁnd the solutions for cmvt under the restriction
cmvt(i) ≥ 0a n d
N 
i=1
cmvt(i) = 1, a Lagrangian equation is set up (the one is omit-
ted since it does not aﬀect the optimum solution):
L(Vartotal(Smvt)) = c 
mvtF − 2c 
mvtMcmvt − λ(c 
mvt1N − 1), (4)Relative importance of breeds for conservation 319
with 1N a vector of dimension N containing ones and λ as the Lagrangian
multiplier. In order to maximise (4), the ﬁrst derivative with respect to cmvt is
set to zero and solved for cmvt:
∂L
∂cmvt
= F − 4Mcmvt − λ1N = 0,
Mcmvt =
1
4
(F − λ1N),
cmvt =
1
4

M−1F − λM−11N

. (5)
Because c 
mvt1N = 1 it can be written:
c 
mvt1N =
1
4

1 
NM−1F − λ1 
NM−11N

= 1.
Solving for λ yields:
λ =
1 
NM−1F − 4
1 
NM−11N
· (6)
The solution for cmvt is obtained by substituting (6) into (5):
cmvt =
1
4
	
M−1F −
1 
NM−1F − 4
1 
NM−11N
· M−11N


. (7)
This core set method is compared to the core set method of Eding et al. [4],
which maximises the variance in a hypothetical population that could be bred
from the conserved breeds, i.e. the oﬀspring variance. The Eding et al. [4]
core set method will be termed the maximum variance oﬀspring core set
method (MVO). The MVO method minimises the average kinship within the
core set, fmin(Smvo). In brief, the relative breed contribution vector, cmvo,i s
calculated under the restriction cmvo(i) ≥ 0a n d
N 
i=1
cmvo(i) = 1 as follows:
fmin(Smvo) = c 
mvoMcmvo. (8)
The solution for cmvo is:
cmvo =
M−11N
1 
NM−11N
· (9)320 J. Bennewitz, T.H.E. Meuwissen
The oﬀspring genetic variance maximised by this core set method is calcu-
lated by:
Varoﬀspring(Smvo) = 1 − fmin(Smvo)
= 1 − c 
mvoMcmvo.
(10)
See Eding et al. [4] for the full derivation of this core set method.
Under the assumption that all breeds are descendants from a single and non-
inbred base breed, both genetic variances, the total variance and the oﬀspring
variance, can be seen as the variance relative to the variance of the base breed.
Both core sets use the same average marker kinship matrix M, whose estima-
tion is described below.
2.2. Estimation of the average kinship matrix M from genetic marker
data
Ideally, the average kinship matrix M is calculated using pedigree infor-
mation, but often no appropriate pedigree information is available. In these
cases M can be estimated using molecular marker information [1,3,5]. Here
a method of Eding and Meuwissen [5] was used and is described in the fol-
lowing. A similarity index between all pairs of individuals genotyped for a
marker k (S xy,k) was calculated as S xy,k = 1
4 [I11 + I12 + I21 + I22], where Iij is
an indicator variable which is 1 when allele i in the individual x and allele j
in the individual y are identical, and otherwise it is 0. The average similarities
between breed i and j for locus k ( S ij ,k) were estimated by:
ˆ  S ij ,k =
1
nij
nij 
l=1
S ij ,k(l), (11)
where nij is the number of combinations of individuals between breed i and j.
The expectation of  S ij ,k is E( S ij ,k) = fij+ (1 − fij)sk,w h e r efij is the average
kinship between breed i and j and sk is the probability of the alleles being
Alike In State (AIS). By subtracting both sides from one and taking the natural
logarithm of this, it is possible to set up a log-linear model for the estimation
of kinships from marker data [5]:
ln(1 −  S ij ,k) = ln(1 − fij) + ln(1 − sk) + eij ,k
⇔
yij ,k = aij+ bk + eij ,k, (12)
where eij ,k is the error term. In matrix notation the model becomes
y = Xaa + Xbb + e, (13)Relative importance of breeds for conservation 321
where y is a vector with the observations and Xa and Xb are incidence matrices
relating the observations to the eﬀects a(aij = ln(1−fij)) and b (bk = ln(1−sk))
stored in the vectors a and b, respectively, and e is the vector of errors. The
observations show the following expected variance [5]:
Var

ln(1 −  S ij ,k)

≈
ˆ fij+ (1 − ˆ fij)ˆ sk
4nij(1 − ˆ fij)(1 − ˆ sk)
· (14)
Taking these variances into account a weighted log-linear model was formu-
lated using the following equations:

X 
aW−1Xa X 
aW−1Xb
X 
bW−1Xa X 
bW−1Xb


a
b


=

X 
aW−1y
X 
bW−1y


, (15)
where W is a diagonal matrix that contains the corresponding expected vari-
ances ofthe observations. Because the weights are obtained from the estimates,
the ﬁnal solutions were estimated iteratively (100 iterations). The design ma-
trices showed dependencies and a generalised inverse of the coeﬃcient matrix
was used, with the consequence that the solutions were not unique. Therefore,
the solutions to a were restricted by setting the highest aij (i.e. the smallest
kinship) to zero. This was aimed at deﬁning the breed that existed just before
the ﬁrst ﬁssion event as the base breed. After solving this system, the kinships
were calculated by back transformation, i.e.:
f = 1 − ea, (16)
where f is a vector (dimension 0.5N(N + 1)) containing the kinships. These
kinships were ﬁnally transferred into the average kinship matrix ˆ M.S e eE d i n g
and Meuwissen [5] for a more detailed description.
2.3. Contribution vector estimation from ˆ M
The breed contribution vectors to the MVT and MVO core sets (i.e. ˆ cmvt
and ˆ cmvo), respectively, were calculated from ˆ M and ˆ F(ˆ F = diag( ˆ M)) as out-
lined in (7) and (9). If breeds showed negative contributions, the most negative
contribution was set to zero and the contribution vector was recalculated with-
out the corresponding breed. This was repeated until no further negative con-
tribution estimates were observed. We will refer to this method of contribution
vector estimation as the Eding et al. method (EEA), because it is analogous to
the idea of Eding et al. [4].322 J. Bennewitz, T.H.E. Meuwissen
2.4. Contribution vector estimation from ˆ M by a bootstrap approach
As stated in the introduction, the accuracy of ˆ cmvo is only moderate when
estimated by EEA [5]. In order to obtain a higher accuracy of the contribu-
tion vectors for both core set methods (ˆ cmvt and ˆ cmvo, respectively), a non-
parametric bootstrap method was tested as described in the following. A boot-
strap sample was generated by performing two sampling steps. In one step,
N individuals were sampled with replacement out of the pool of N original
individuals within breed. In the second step, L marker loci were sampled with
replacement out of the pool of L original marker loci across breeds. Hence, a
bootstrap sample consisted of sampled individuals and sampled marker loci.
Throughout the study 100 bootstrap samples were generated (B = 100). For
each bootstrap sample, average similarities were calculated using (11) and the
log-linear model was set up using (12) and (13) to obtain the kinship of the
bootstrap sample. However, it was not possible to run the weighted log-linear
model with the expected variances obtained from (14), because for each boot-
strap sample around 100 iterations would have to be performed – an undertak-
ing that would be computationally too demanding. The similarities from the
bootstrap samples were therefore analysed using two diﬀerent methods.
Theﬁrstmethod used model(13) and the equations of(15) but calculated the
solutions without weights (i.e. omitting matrix W from the equations in (15)).
The solutions were restricted such that the highest a was zero (a restriction
is needed in the ﬁxed eﬀects equations (15)) and the kinships were estimated
from the solution vector using (16) and stored in the kinship matrix. The breed
contribution vectors of the bootstrap sample to both core set methods were ob-
tained using (7) and (9). As for the EEA method, negative contributions were
subsequently set to zero, starting with the most negative one, and the contri-
bution vectors were recalculated without the corresponding breed. The ﬁnal
solutions of the vectors ˆ cmvt and ˆ cmvo were obtained from the mean of the
solutions from the B bootstrap samples. This method of contribution vector
estimation is termed the bootstrap method (BM).
The second method again used model (13) and the equations of (15) but
used the reciprocal value of the empirical variance of the observations. This
variance was estimated one time by bootstrapping as shown in the appendix,
and then was used for the analysis of all bootstrap samples. The ﬁnal solutions
of the vectors ˆ cmvt and ˆ cmvo were obtained as described for the BM method.
This method of contribution vector estimation is termed the weighted bootstrap
method (WBM).Relative importance of breeds for conservation 323
2.5. Application to simulated data
To test and to compare the methods outlined above, two series of Monte
Carlo simulations were carried out. The number of replicates was always 10
(test simulation showed that this number is suﬃcient to obtain reliable results).
In the ﬁrst series, a phylogenetic situation was simulated over 50 generations.
A base breed was simulated that consisted of 50 individuals, the size of which
was kept constant throughout the simulation. For each individual, a number
of L unlinked genetic marker loci was assumed (L = 10 and 20, respectively)
and the alleles were randomly assigned to the individuals. The number of alle-
les per locus in the base breed was randomly chosen from the interval 25/50.
From a number of test simulations it was found that this interval would pro-
duce realistic numbers of alleles still segregating after 50 generations, although
in exceptional cases ﬁxation occurred. Each next generation was generated by
randomly assigning sires and dams from the current generation as parents of
the individuals of the next generation. New breeds were randomly generated
by base breed ﬁssion between generations 10 and 49 by sampling sires and
dams randomly as parents of the individuals of the new breed. The eﬀective
size of the new breed was randomly chosen from the interval 24/76 and was
kept constant throughout the simulation. For each breed the male/female ra-
tio was one and an even number of breed sizes was therefore chosen. In total,
15 breeds were simulated for each replicate, one base breed and 14 breeds that
were formed by ﬁssion from the base breed.
During thesecond series ofsimulations thephylogenetic structure wasﬁxed.
A base breed of size 50 was bred for 50 generations as described above
(L = 20). From this, four new breeds were generated at generation 10 by ﬁs-
sion as outlined above. In order to obtain diﬀerent within breed kinships after
50 generations, the eﬀective size of the breed was chosen to be 10, 20, 30
and 40, respectively. The male/female ratio was one.
In generation 50 the genotypic data of the breeds were used for the estima-
tion of the breed contribution vectors for both core sets by use of the EEA,
BM and WBM methods as outlined above. In addition, the full pedigree infor-
mation was recorded during the simulation and this was used to estimate the
true average kinships between the breeds using path analysis [8]. The calcu-
lated true kinships were corrected in order to deﬁne the breed that existed just
before the ﬁrst ﬁssion as the base breed [5]:
f 
ij =
fij− fmin
1 − fmin
· (17)324 J. Bennewitz, T.H.E. Meuwissen
This transformation was done in order to make these kinships comparable to
the marker estimated kinships obtained from (15) and (16). From the true
average kinship matrix, the true breed contributions were obtained using (7)
and (9). The correlation between the estimated and the true contribution vec-
tors and the mean square error of the estimated contributions was calculated,
serving as an empirical measure of the ability of EEA, BM and WBM to esti-
mate correct breed core set contributions.
The total variance and the oﬀspring variance within the two core sets were
estimated using (3) and (10) and using the correct kinships. Additionally, for
the second series of simulations the individual contributions of the ﬁve breeds
to the core set, averaged over all replicates, were recorded. This revealed the
diﬀerences between the MVT and the MVO core set methods regarding the
breed contributions as a function of their within breed kinships and regarding
the variance conserved, respectively.
2.6. Application to real data
To compare the two core set methods using a real case, the ﬁeld data of
Eding and Meuwissen [5] were reanalysed. The data set consisted of 10 Dutch
breeds that were genotyped for 11 microsatellite markers and are described in
detail by Eding and Meuwissen [5]. Unfortunately only allele frequencies were
available. Therefore, the similarity between population i and j at locus k with
n alleles was calculated as described by Eding and Meuwissen [3]:
ˆ  S ij ,k =
n 
l=1
pik,lpjk,l,
where pik,l is the allele frequency of allele l at locus k in population i.T h e
breed contribution vectors for both core set methods were calculated by EEA
and BM. The bootstrap samples could only be generated by sampling the loci
(instead of sampling the loci and the animals), because no information regard-
ing the animals was available. For this reason it was also not possible to apply
the WBM. Note that the estimation of the empirical variance of the observa-
tions required the bootstrap sampling of the individuals (Appendix). To show
the relationship between the breeds, genetic distance between breed i and j
was computed as ˆ dij = ˆ fii + ˆ fjj − 2 ˆ fij [3]. These distances can be inter-
preted as twice the Nei minimum distance corrected for the allele frequency
in the base breed. They were represented graphically in a dendrogram using
the Neighbour-Joining algorithm of the Phylip software [10]. For comparison
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obtained and the software of Cañón and García as applied in [2]. The breeds
were ranked for conservation priority using the estimated contributions to the
total Weitzman diversity measure.
3. RESULTS
3.1. Results from the simulations
As expected, when comparing the variance conserved by the MVT and by
the MVO core set methods, respectively, the MVT method conserved more
total variance and the MVO method more oﬀspring variance. However, the
diﬀerences between the two core set methods are only minimal (Tabs. I and II).
This is regardless of the phylogenetic situation simulated.
The accuracy of the WBM contribution vector is the highest in both core
set methods. These contribution estimates showed the highest average correla-
tions with the true contributions and on average the lowest mean square error
(MSE of the WBM estimates roughly 0.01 lower compared to the BM and 0.02
lower compared to the EEA estimates, Tabs. I and II). Most total variance in
the MVT core set and most oﬀspring variance in the MVO core set were con-
served, respectively, when the contribution vectors were estimated by WBM.
Generally, as expected, the accuracy of the contribution vector estimates was
a function of the number of loci included in the analysis. The WBM produced
estimates with a signiﬁcantly higher accuracy in phylogenetic situations with
10 loci than the EEA with 20 loci (Tab. I). The accuracies of the contribution
vector estimates are higher in the MVT core set compared to the corresponding
estimates of the MVO core set (Tabs. I and II).
All breeds contributed to the MVO core set (results from the true contri-
butions, Tab. I), but when the contributions were estimated with EEA, many
breeds erroneously showed azero contribution estimate. This wasalso reported
by Eding et al. [4]. This problem was less marked when the BM method was
used and did not occur when the WBM method was applied. In contrast, a sub-
stantial fraction of breeds did not contribute to the MVT core set (results from
the true contributions, Tab. I), but nearly all breeds showed a contribution esti-
mate greater than zero, when using BM and WBM. However, these estimates
were in general only very small.
In Table II, the within breed kinships of the ﬁve simulated breeds (results
from the second series of simulation, ﬁxed phylogenetic situation and ﬁxed
and unequal population size) are given as an average over all replicates. Note
that all between breed kinships were very similar and low (in general < 0.01),326 J. Bennewitz, T.H.E. Meuwissen
Table I. Correlation (Corr) between the estimated and the true core set contributions,
mean square error (MSE) of contribution estimates and actual conserved total genetic
variance (Vartotal)a n do ﬀspring genetic variance (Varoﬀspring) as functions of the core
set, of the number of simulated loci (L) and of the method of contribution estimation.
Core set L Method MSE Corr nzero
1 Vartotal
2 Varoﬀspring
2
MVT 10 TRUE 0 1 5.0 1.197 0.926
EEA 0.057 0.618 7.4 1.176 0.917
BM 0.047 0.676 0.7 1.179 0.919
WBM 0.035 0.803 0.1 1.185 0.924
20 TRUE 0 1 3.9 1.188 0.925
EEA 0.049 0.641 7.2 1.172 0.918
BM 0.038 0.683 0.7 1.177 0.921
WBM 0.032 0.767 0.2 1.179 0.922
MVO 10 TRUE 0 1 0 1.185 0.931
EEA 0.066 0.589 6.4 1.151 0.916
BM 0.052 0.651 0.6 1.160 0.919
WBM 0.038 0.754 0.1 1.169 0.923
20 TRUE 0 1 0 1.178 0.930
EEA 0.057 0.653 5.6 1.152 0.918
BM 0.045 0.712 0.1 1.160 0.921
WBM 0.036 0.835 0 1.169 0.924
Results from the ﬁrst series of simulation, averaged over all replicates. 1nzero number of breeds
that showed zero contribution to the core set; 2Vartotal and Varoﬀspring, actual conserved total
genetic variance and oﬀspring genetic variance estimated by the use of the contribution vectors
and the true kinship matrix.
because of the correction in (17). The kinships between breeds become con-
stant after ﬁssion [3], and in this series of simulations all breeds were formed
by ﬁssion at the same time. The breeds with low kinships contributed more to
the MVO core set. This was expected, because this core set method is aimed at
keeping the average kinship of the set as small as possible [4]. In contrast, the
true contributions of the breeds with a higher kinship are slightly larger in the
MVT core set. This could not be observed from the estimated contributions,
probably due to sampling errors.
In the two initial series of simulations, we sampled both the animals and the
loci during the bootstrap approach. In order to investigate which sampling is
responsible for the improved performance of the bootstrap approach, an addi-
tional simulation was carried out. The method is the same as that used in theR
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Table II. Mean square error (MSE) of contribution estimates, actual conserved total genetic variance (Vartotal)a n do ﬀspring genetic
variance (Varoﬀspring) as functions of the core set and of the method for contribution estimation, and contribution estimates as a function
of the within breed kinship (fi).
Core set contributions of breeds of size n
Core set Method MSE Vartotal
1 Varoﬀspring
1 Breed 1 Breed 2 Breed 3 Breed 4 Breed 5
n = 10 n = 20 n = 30 n = 40 n = 50
fi = 0.86 fi = 0.64 fi = 0.48 fi = 0.40 fi = 0.33
MVT TRUE 0 1.323 0.881 0.221 0.211 0.201 0.190 0.176
EEA 0.089 1.277 0.873 0.175 0.200 0.173 0.207 0.245
BM 0.052 1.310 0.883 0.187 0.219 0.185 0.194 0.216
WBM 0.047 1.312 0.888 0.178 0.205 0.193 0.207 0.217
MVO TRUE 0 1.288 0.899 0.112 0.152 0.197 0.243 0.296
EEA 0.090 1.206 0.878 0.070 0.088 0.187 0.277 0.378
BM 0.084 1.233 0.884 0.094 0.125 0.151 0.251 0.379
WBM 0.066 1.247 0.889 0.088 0.126 0.182 0.268 0.326
Results from the second series of simulation, averaged over all replicates. 1Vartotal and Varoﬀspring, actual conserved total genetic variance and oﬀspring
genetic variance estimated by the use of the contribution vectors and the true kinship matrix.328 J. Bennewitz, T.H.E. Meuwissen
Table III. Correlation (Corr)between the estimated and the true core set contributions
and mean square error (MSE) of contribution estimates as a function of the number
of simulated loci (L), of the bootstrap method of contribution estimation and of the
subject of sampling during bootstrapping (either only animals or only loci).
Core set L Method Sampled MSE Corr nzero
1
MVT 10 BM animals 0.058 0.594 4.9
loci 0.049 0.672 1.2
WBM animals 0.061 0.654 4.9
loci 0.036 0.783 0.2
20 BM animals 0.047 0.571 4.0
loci 0.039 0.691 1.0
WBM animals 0.065 0.544 5.2
loci 0.035 0.769 0.1
MVO 10 BM animals 0.066 0.592 3.0
loci 0.054 0.643 0.6
WBM animals 0.066 0.675 5.0
loci 0.040 0.749 0.2
20 BM animals 0.056 0.598 2.7
loci 0.046 0.678 0.7
WBM animals 0.069 0.638 4.7
loci 0.037 0.801 0.0
Results averaged over all replicates, the number of simulated breeds was 15. 1nzero, number of
breeds that showed zero contribution to the core set.
ﬁrst two series of simulations with the exception that either animals only or
loci only were bootstrapped. The results are presented in Table III and show
that the improvement stems mainly from the sampling of the loci. It seems that
sampling of the animals only did not generate enough bootstrap variance to
obtain signiﬁcantly improved contribution estimates.
3.2. Results from ﬁeld data
From the estimated kinship matrix from the ﬁeld data (Tab. IV) it can be
seen that the Heck breed shows the highest level of within breed kinship fol-
lowed by Galloway, Dutch Black Belted and Improved Red Pied. This is also
visualised in the dendrogram of the genetic distances obtained from the kin-
ships (Fig. 1), where these breeds show the longest branch length. The highest
mean kinships were also observed for these three breeds. The Holstein FriesianRelative importance of breeds for conservation 329
Figure 1. Neighbour-Joining dendrogram of the 10 cattle breeds obtained from ge-
netic distances derived from the between breed kinships. In parentheses the ranking
number for prioritisation for conservation obtained by the total variance core set di-
versity (MVT), by the oﬀspring variance core set diversity (MVO) and by the distance
based Weitzman diversity (W). The results of the BM bootstrap approach (Tab. V)
were used for the two core set rankings.
and Limousine breeds contributed considerably to the MVT core set, despite
their low within breed kinships and thus their short branch length. This wasdue
to their comparatively low mean kinship, and consequently these two breeds
were also the major contributors to the MVO core set (Tabs. IV and V). The
third breed of the top three contributors was diﬀerent in the two core sets. The
Heck breed showed the largest contribution to the MVT core set but only a
small contribution to the MVO core set. The high MVT contribution of the
Heck breed is due to its high within breed kinship and its comparatively low
mean kinship. The opposite was true for the Dutch Red Pied (low contribution
to MVT and high contribution to MVO core set). As a result of the estimation
of the Weitzman diversity, the conservation priorities of the breeds according
to their contribution to the Weitzman diversity are given in Figure 1. As ex-
pected, the priority ranking was in agreement with the branch lengths of the
corresponding breed.
Four breeds showed zero contributions to the MVT core set using EEA and
only one using BM (Tab. V). However, the EEA zero contribution breeds re-
ceived only a very small (between 0.002 and 0.03) value using BM. A similar3
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Table IV. Estimated kinships within and between the 10 cattle breeds using a weighted log-linear model.
Breed (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
(1) Belgian Blue 0.104
(2) Dutch Red Pied 0.055 0.088
(3) Dutch Black Belted 0.076 0.050 0.179
(4) Limousine 0.027 0.026 0.036 0.089
(5) Holstein Friesian 0.049 0.027 0.048 0.001 0.102
(6) Galloway 0.038 0.030 0.088 0.045 0.041 0.213
(7) Dutch Friesian 0.062 0.040 0.086 0.027 0.044 0.061 0.099
(8) Improved Red Pied 0.049 0.076 0.063 0.033 0.041 0.058 0.052 0.172
(9) Blonde d’Aquitaine 0.043 0.038 0.038 0.052 0.025 0.036 0.042 0.046 0.085
(10) Heck 0.059 0.032 0.055 0.022 0.000 0.029 0.056 0.006 0.059 0.310
Mean (within and between) 0.056 0.046 0.072 0.036 0.038 0.064 0.057 0.060 0.046 0.063Relative importance of breeds for conservation 331
Table V. MVT and MVO core set contribution vectors for the 10 cattle breeds esti-
mated either by EEA or by BM.
MVT core set MVO core set
EEA BM EEA BM
Belgian Blue 0 0.002 0 0.032
Dutch Red Pied 0 0.028 0.207 0.115
Dutch Black Belted 0.011 0.049 0 0.021
Limousine 0.186 0.169 0.359 0.304
Holstein Friesian 0.242 0.209 0.321 0.229
Galloway 0.135 0.139 0 0.051
Dutch Friesian 0 0.004 0.037 0.086
Improved Red Pied 0.169 0.133 0 0.049
Blonde d’Aquitaine 0 0 0 0.039
Heck 0.257 0.267 0.075 0.072
pattern can be observed in the results of the MVO core set (Tab. V). EEA es-
timated ﬁve, but BM no zero contributions. However, in this core set the EEA
zero contribution breeds received considerable contributions when using BM
(between 0.02 and 0.05). When the breeds were ranked according to their con-
tributions estimated either by EEA or by BM, there was a general agreement in
the order within the core set. In both core sets only the fourth and ﬁfth breeds
were changed in their order due to small diﬀerences in the contribution esti-
mates estimated by EEA and BM, respectively.
4. DISCUSSION
This study introduces the MVT core set method for prioritising breeds for
conservation in order to optimally maintain total additive genetic variance of a
hypothetical quantitative trait. The method uses kinships between and within
breeds and for their estimation some of the ideas of Eding and Meuwissen [3]
and Eding et al. [5] were implemented. The following discussion focuses on
the diﬀerences and similarities of the MVT core set and the MVO core set
proposed by Eding et al. [4] and Caballero and Toro [1] and on the applied
methods for the breed core set contribution estimation.
4.1. MVT versus MVO core set
The diﬀerences between the two core set methods are demonstrated by
the following simple hypothetical example. Consider two unrelated breeds A332 J. Bennewitz, T.H.E. Meuwissen
and B, and a breed AB are available for conservation, where AB is obtained
by crossbreeding of A and B. The MVO method will not give extra value to A
and B when AB is already conserved, whilst the MVT method would give ex-
tra value to A and B. The latter is because, although A and B contain no alleles
that are not present in AB, they may contain genotype and allele combinations
that are not present in AB, because in AB the alleles of A and B are mixed
up. Thus, it may be easier to ﬁnd particular genotype and allele combinations
when A and B are conserved instead of AB, i.e. the genetic variance is more
accessible in a set containing A and B compared to a set containing only AB.
The diﬀerences between the two core sets become obvious when focussing
on the individual breed contributions. From the optimisation term (formula (3))
it follows that the MVT core set prioritises breeds with a high within breed
kinship and a low average between breed kinship. In contrast, the MVO core
set method favours breeds that show a low average kinship both within and
between breeds. This was shown by the results of the second series of simula-
tions (Tab. II). Considering the breed contributions to the two core sets from
all simulated conﬁgurations and all replicates, the Spearman rank correlation
was around 0.7 (averaged over all replicates), indicating that the two core sets
prioritise diﬀerent breeds only to some extent. From formulae (3) and (10), it
follows that this extent is also a function of the diﬀerences of the within breed
kinships of the breeds.
Assuming that the dendrogram in Figure 1 corresponds to a phylogenetic
tree, it then appears that the MVO core set method prioritises breeds that are
as close as possible to the base breed whereas the MVT core set approach
prefers breeds that have drifted further away from the base breed. In terms of
allele frequencies, the MVO core set avoids extreme frequencies and therefore,
maximises the possible directions of selection. The MVT core set prioritises
breeds with more extreme frequencies and thus prioritises breeds that already
show diﬀerent combinations of genotypes. Hence, the MVT core set method
aimsto conserve breeds that show large diﬀerences in therespective population
mean of a hypothetical quantitative trait. This makes the MVT core set method
attractive, because the eﬃciency of upgrading a breed by introducing genetics
from another breed is a function of the diﬀerence in the respective population
means. The MVT core set thus enables a faster reaction on putative changed
conditions compared to the MVO core set.
The conceptual diﬀerences between the two core set diversity methods on
the one hand and the Weitzman diversity on the other hand is that both core set
methods do account for the within breed variance and do account for migration
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of criticism of the application of Weitzman diversity on a within-species breed
level [1,3,4], but in the conservation of farm animal genetic resources we are
acting on this level. Thenumerical results of the ﬁelddata analysis demonstrate
the diﬀerences between the two core set diversity methods and the Weitzman
diversity (Fig. 1). Whereas the latter focuses exclusively on the between breed
variance, and hence prioritises breeds for conservation that are most distantly
from the other breeds, the MVT core set method also accounts for the within
breed variance. Indeed this is the reason why the MVT core set gives sub-
stantial weights to the Holstein Friesian and the Limousine breeds, but not the
Weitzman diversity (Fig. 1). Nevertheless, Eding et al. [4] showed that the nice
mathematical and biological properties of the Weitzman diversity [15,16] also
hold in the MVO core set, if the ‘monotonicity in distance property’ (i.e. diver-
sity should increase as any of the distances increase) is replaced by a kinship
argument: the oﬀspring variance in a set of breeds increases when the kinship
between or within breeds decreases. Obviously, if the inbreeding in any of the
breeds increases (i.e. distances increase), the total variance will be increased
in the MVT core set method. Accordingly, the MVT core set method fulﬁls all
of the original Weitzman criteria.
Simianer et al. [15] developed formulae for the estimation of marginal di-
versities of breeds using the Weitzman unit of diversity together with breed ex-
tinction probabilities. The marginal diversity of breed i is deﬁned as the change
of the conserved diversity when the extinction probability of breed i is changed
by one unit [15]. With the use of marginal diversities it is possible to compare
diﬀerent conservation strategies. The authors state that it is possible to also use
other diversity units as long as these fulﬁl the Weitzman criteria [15]. There-
fore, the estimation of the marginal diversities is also possible in the core set
methods given that estimates for the extinction probabilities are available. In
this case, marginal diversities could replace the relative breed contributions as
criteria for conservation priority. The advantage of this prioritisation is that the
extinction dynamics of the breeds would be considered. Furthermore, Simianer
et al. [15] suggested an approach of how diversity can be combined with other
conservation criteria like e.g. special trait characteristics in order to generate
a more comprehensive conservation criterion. Their outlines also seem to be
valid for the diversity units considered by the two core set methods. Further
work is needed to demonstrate the expansion of the presented core set meth-
ods to the ideas proposed by Simianer et al. [15].
The diversity approach of Piyasatian and Kinghorn [12] uses allelic varia-
tion as a criterion for conservation. Allelic variation does not account for the
extra variance due to inbreeding (i.e. due to a combination of alleles), and334 J. Bennewitz, T.H.E. Meuwissen
therefore this method is closer to the MVO core set method rather than to the
MVT core set method. However, Piyasatian and Kinghorn [12] recognise that
a higher between breed variance is valuable for conservation and therefore
gives a ﬁve times higher weight to the between breed variance compared to the
within breed variance.
Throughout this study wefocussed on the selection of breeds for a conserva-
tion plan rather than on the management of conserved breeds in order to main-
tain genetic variance. Generally, this management is a question of the selection
of individuals as parents for the next generation and a question of the mating
scheme of these individuals. It seems advisable to mate the breeds selected for
the conservation plan only within breed in order to maintain the combinations
of alleles and genotypes within the breeds, and hence, to conserve the between
breed variance.
4.2. Accuracy of the contribution vector estimation
All three methods for the contribution vector estimation used marker
based kinships obtained by a log-linear model as proposed by Eding and
Meuwissen [5]. The advantage of this model is the simultaneous use of all
available information to correct the average similarities for the AIS probabil-
ities, and hence to obtain the kinships. It was shown that this model produces
kinship estimates that show a high accuracy with a small upward bias [5]. Nev-
ertheless, in the same study, the authors found that the accuracy of the contri-
bution vector estimates is only moderate, which is due to the sampling errors in
the kinship matrix, despite the high accuracy of the kinship estimates. In order
to obtain contribution vectors with a higher accuracy, two bootstrap methods
were tested and the results of the simulations (Tabs. I and II) clearly show the
superiority of the bootstrap based methods (BM and WBM, respectively) over
EEA in both core sets. Not only were the correlations higher and the mean
square errors lower but the number of breeds with an estimated zero contribu-
tion was also closer to the real value. Remember that the true zero contribution
values in the MVT core set received in general only a very small estimate when
using the bootstrap based methods; from a practical point of view these val-
ues are negligible. See for example the contributions of the Belgian Blue and
of the Dutch Friesian breed to the MVT core set (Tab. V). The large fraction
of false zero contribution estimates was one of the main problems reported
by Eding et al. [4] in contribution vector estimation. It now seems that the
use of the bootstrap based methods provides a solution to this problem. The
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bootstrapping, and because of the recursive nature of the optimisation algo-
rithms (i.e. the most negative estimate was set to zero and the contribution
vector estimation was repeated without the corresponding breed), the lower
bound of the bootstrap distribution was zero. Thus, if at least one contribution
estimate of the distribution showed a positive value, the ﬁnal contribution es-
timate was small but positive. The signiﬁcantly better performance of WBM
over BM emphasised the advantage of weighting the observations in the log-
linear model accordingly. Eding and Meuwissen [5] found that the beneﬁt from
the use of the weighted log-linear model is due to the fact that less informa-
tive loci receive a lower weight. The present study shows that instead of using
the expected variance (formula (14)), it is also possible to use the empirical
variance estimated by bootstrapping as shown in the appendix.
The higher accuracy of the MVT contribution estimates compared to the
corresponding MVO estimates indicates that the MVT core set algorithm tends
to be less sensitive to sampling errors in the estimated kinship matrix. The
optimisation function of the MVT core set (formula (3)) probably shows a
more pronounced extreme than the corresponding function of the MVO core
set (formula (8)), hence rendering it easier to ﬁnd.
5. CONCLUSION
The introduced core set method (MVT) prioritises breeds for conservation
by maximising the total genetic variance for a hypothetical quantitative trait in
the core set. It was shown that the numeric results of this core set approach and
of the MVO core set approach of Eding et al. [4] are to some extent similar.
The diﬀerences were most clearly shown by the results of the ﬁeld data analy-
sis. The MVT core set approach suggests the conservation of breeds that show
comparatively large diﬀerences in the respective population mean of a hypo-
thetical quantitative trait. This maximises the speed of achieving selection re-
sponse for a putative changed breeding objective, which makes the MVT core
set method attractive. For the estimation of the core set contribution vectors
from molecular marker data, we recommend the use of the weighted bootstrap
approach (WBM), because this method produced the most accurate estimates,
regardless of the core set method.
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APPENDIX
The weighted bootstrap method (WBM) used the reciprocal value of the
empirical variance of the observations as weights in the log-linear model. The
empirical variance was estimated using the bootstrap approach as described
by Efron and Tibshirani [6]. A number of 100 bootstrap samples (B = 100)
was generated by sampling with replacement n individuals out of the pool of n
original individuals within breed. To obtain the observations for each bootstrap
sample, the similarities were calculated using (11) of the main text. These sim-
ilarities were subtracted from one, and the natural logarithm was taken from
this diﬀerence. Following this, the observations in the current bootstrap sample
bi for breed i and j at locus k is ln(1− ˆ  S ij ,k)bi, see also formula (12) of the main
text. The bootstrap estimate of the variance of ln(1 −  S ij ,k)i s :
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For each data set, i.e. each replicate, these empirical variances were estimated
one time and then used for the whole WBM analysis. Thus, for each bootstrap
sample analysis the same weights were used.